INTRODUCTION
Odorants are detected by olfactory sensory neurons in the olfactory epithelium. In olfactory sensory neurons, OR proteins are synthesized, transported to the cell-surface membrane of the dendrites and axons and concentrated at the cilia at the tip of the dendrite 1, 2 . ORs are members of the seven-transmembrane G-protein-coupled receptor (GPCR) superfamily. The mammalian OR gene family encodes approximately 400 and 1,200 diverse OR proteins in human and mouse, respectively, making it the largest known family of genes [3] [4] [5] [6] [7] [8] [9] .
The basis of odorant recognition by their cognate receptors has been one of the central problems in the study of odor coding 10 . After the initial identification of the OR genes in 1991 (ref. 11) , one focus of the field of olfaction has been the identification of the cognate ligands of ORs. In nonolfactory GPCRs, heterologous expression systems have been used to great effect 12 ; however, such heterologous systems have not been viable for ORs due to a critical problem: Transfected ORs are rarely functionally expressed on the plasma membrane, possibly due to endoplasmic reticulum retention, which in turn leads to OR degradation in the proteosome [13] [14] [15] .
Achieving functional cell-surface expression of ORs It has been hypothesized that OR proteins may require accessory proteins that promote proper targeting of OR proteins to the cell surface 15 . A single transmembrane protein, ODR-4, is required for cilia localization of the OR proteins in Caenorhabditis elegans 16 . To identify such proteins for mammalian ORs, we screened for genes inducing cell-surface expression of ORs in HEK293T cells and identified receptor-transporting protein 1 (RTP1) and RTP2 17 . They are expressed specifically by olfactory sensory neurons, interact with OR proteins and enhance responses to odorants when coexpressed with ORs in HEK293T cells. Similar, though much weaker, effects were seen with a third protein, receptor expression-enhancing protein 1.
After our initial identification of RTP1, we found that a shorter form of RTP1, which we named RTP1S, supports an enhanced level of functional expression of representative ORs compared with the originally described RTP1, renamed as RTP1L 18 . When RTP1S is coexpressed with other accessory proteins, including Ric8b, a putative olfactory guanine nucleotide exchange factor, and the G olf a subunit (G aolf ) 19, 20 , we successfully expressed a diverse set of N-terminal tagged and untagged ORs heterologously 18 . The presence or absence of different N-terminal epitope tags (Rho, FLAG or HA) seems to have little or no effect on the ligand specificity of ORs, although the use of a Rho tag further enhances the cell-surface expression of the ORs 18 . The accuracy of this OR heterologous expression system involving tagged ORs and accessory proteins established a platform for high-throughput 'deorphanization' , or finding the cognate ligands, of mammalian ORs.
Evaluating OR cell-surface expression Successful trafficking of membrane receptors to the plasma membrane is necessary for the receptor proteins to bind extracellular ligands. As OR proteins are not easily expressed on the plasma membrane, it is particularly important to evaluate the amount of cell-surface expression. Conventional immunostaining protocols that include permeabilization steps are not appropriate for measuring cell-surface proteins; antibodies can label proteins located at the plasma membrane as well as intracellular membrane structures, such as endoplasmic reticulum. Live-cell staining is used, therefore, to selectively visualize the cell-surface molecules, as the antibody molecules cannot penetrate the plasma membrane in this case. Flow cytometry can be used to quantify the amount of labeled antibodies on the cell surface.
Here, we provide protocols for measuring cell-surface expression of ORs expressed in heterologous cells using live-cell staining and flow cytometry analysis; we have used these methods to quantify the cell-surface expression of a human OR, OR7D4, that affects our perception of two steroidal odorants, androstenone and androstadienone 21 . Although only ORs are tested extensively in our lab, the method is also applicable for the evaluation of cell-surface expression of other membrane proteins.
Measuring activation of ORs
Measuring the activation of ORs upon odorant stimulation is critical to study odor coding by the ORs. OR proteins on the plasma membrane are activated when they bind to their cognate odor ligands. Binding will change the conformation of the ORs and activate the G-proteins to initiate a cascade of signal transduction. ORs are typically functionally coupled with the stimulatory G proteins. In olfactory sensory neurons, activated G aolf stimulates adenylyl cyclase type III, which results in the production of cAMP, which opens cAMP-gated nucleotide channels. Here, we describe a protocol for measuring OR activation using a cAMP response element (CRE) that drives a firefly luciferase reporter gene 17, 18, 21, 22 . A presumptive route from the activation of ORs to the induction of luciferase in heterologous cells is as follows: activation of ORs results in the production of cAMP, which causes activation of protein kinase A, which in turn phosphorylates and activates the transcription factor, cAMP response element-binding protein (CREB) 23 . Finally, activated CREB induces luciferase gene expression that is readily quantifiable by luminometrical methods (Figs. 1, 2 ). Renilla luciferase driven by a constitutively active SV40 promoter is used to control the variation of cell number and transfection efficiency in each well. Essentially, the ratio of firefly luciferase and Renilla luciferase will be calculated to evaluate the receptor activation. As this method relies on reporter gene expression, it takes several hours to see the response of ORs after stimulation. This method was used to screen for human ORs that are activated by a steroidal chemical, androstenone, and led to the identification of a human androstenone receptor. It was also used to evaluate the ligand specificities of different variants of this receptor 21 .
Several alternative methods to measure OR activation have also been reported. One method is to use adenovirus as a vector to infect olfactory neurons. Activation of foreign ORs was measured either by electro-olfactogram or calcium imaging of single cells 24, 25 . Only a few ORs have been expressed and analyzed using this method to date due to low throughput. Another method is to use calcium imaging to measure activation of ORs by coexpressing with G a15 and/or G a16 in heterologous cells 26, 27 . Although G a15/16 , which belongs to the G aq subfamily of G a subunits, are expressed in the hematopoietic cell lineage, they were shown to couple with many, but not all, GPCRs that would not normally couple with G aq (ref. 28) . Activation of G a15/16 would cause inositol phosphate production followed by an increase in calcium concentration inside the cell. This method has an advantage that one can observe OR activation close to real time. However, not all ORs seem to couple with G a15/16 . Our group has used G a15-olf chimera in which the C-terminal end of G a15 was replaced with that of G aolf for calcium imaging 18 . In addition, the Krautwurst group has developed a cell 18 . Various other modifications, including N-terminal HA and FLAG tags, were also used as a means of promoting OR expression and/or as an epitope for detection. For mammalian OR expression, none of these N-terminal tags seem to affect OR ligand specificity 18 . The protocol for evaluating cell-surface expression described here should be appropriate for membrane proteins with any of these epitope tags in the extracellular regions, with the Rho-tag being the most recommended for robust OR cell-surface expression.
Plasmid DNA quality. Plasmid DNA of ORs and OR accessory factors used for transient expression is prepared using a conventional silica membrane column-based miniprep method such as Qiagen Miniprep kit from cultured bacterial cells 31 . In addition to the standard procedures, we include a phenol-chloroform extraction step after neutralization before transferring to the column. After miniprep, OD 260 is measured and different plasmid DNA preparations are generally diluted to the same concentration, for example, 100 ng ml À1 , for transfection to simplify the calculation in the transfection. A volume of 1 ml of DNA is customarily run on a gel to check the integrity of the DNA.
Immunocytochemistry versus flow cytometry approach to probing cell-surface protein expression. Both immunocytochemistry and flow cytometry can be used to evaluate OR cell-surface expression. In the protocol described below, the time required for each procedure is similar (see TIMING section). . Cellstripper (Cellgro, cat. no. 25-056-CI) (optional; see Step 10B(iv) of the PROCEDURE)
. Blue fluorescent protein (BFP) expression construct (optional; see
Step 9A(iii) of the PROCEDURE)
. Green fluorescent protein (GFP) expression construct 33 (optional; see
. Mouse monoclonal anti-Rhodopsin antibody, 4D2 (ref. 34) . Anti-FLAG antibody, M2 (Sigma, cat. no. F1804) (optional; see
Experimental design)
. 2| Aspirate all the M10, retaining the cell pellet at the bottom of the conical tube. Resuspend the cells with 10 ml of M10 with penicillin-streptomycin and amphotericin and transfer the suspension to a 100-mm cell-culture dish. Culture the cells in a 37 1C incubator with 5% CO 2 overnight.
3| Next day, check cells under a phase contrast microscope to make sure that cells are healthy. Healthy cells are spread over the surface of the culture dish without any sign of contamination. Replace the medium with fresh M10 with penicillin-streptomycin and amphotericin medium. When using Hana3A cells, add 1 mg ml À1 puromycin. 6| When ready to passage cells, aspirate all medium from the cell culture dish. Gently extrude 10 ml of PBS onto the cells to wash. Dish needs to be tilted to accumulate medium at the edge before aspirating. Aspirate all PBS from the edge of the dish. (ii) Aspirate all the M10 and trypsin-EDTA while preserving the cell pellet at the bottom of the conical tube. Resuspend the cells with 10 ml of M10 with penicillin-streptomycin and amphotericin and transfer to a 100-mm cell-culture dish. Add 10 ml of 1 mg ml À1 puromycin for every other passage when using Hana3A cells.
(iii) Culture in a 37 1C incubator with 5% CO 2 until next passage. Cells need to be passaged approximately 2-3 times per week.
BOX 1 | PREPARING FROZEN STOCKS
(i) After trypsinizing and triturating, the cells transfer the desired amount of medium and cells to a 15-ml conical tube for preparation and storage of a stock sample. The amount to be transferred depends on the future experimental plan. For example, for 30% confluence in 100-mm dish, transfer 3.3 Â 10 6 cells, or 30% of the cells from the original 100% confluent 100-mm cell-culture dish.
(ii) Centrifuge for 5 min at 200g at room temperature. Aspirate the supernatant while preserving the cell pellet. Resuspend the cells with 1 ml of freezing medium and transfer to a cryotube.
(iii) Freeze gradually in a À80 1C freezer and store at À80 1C or in liquid nitrogen. Cells generally undergo more than ten passages before another frozen aliquot of cells needs to be thawed. table below, depending on whether immunocytochemistry or flow cytometry analysis is to be carried out. If using flow cytometry, also prepare the four control samples described in Table 1 . Control samples are needed for calibration in each flow cytometry run and are run at the beginning of the cell sorting to establish baseline parameters for the real samples (see Step 10B(xvii)). Step 9B(ii). Gently and repeatedly tap the plate upside-down on the paper towels so that the M10 medium is completely absorbed by the paper towels. m CRITICAL STEP Use gentle but forceful motions to expel as much old medium as possible so that maximum amount of the transfection mixture can be added later. Cells should be firmly attached to the bottom of the plate and should not peel off. (viii) Using a multichannel pipetman, transfer 50 ml of the transfection mixture to each well.
(ix) Culture in a 37 1C incubator with 5% CO 2 for B24 h before proceeding with Step 10C. with a flat surface (e.g., the lid or bottom of a 150-mm Petri dish) on the ice. Make sure that the bottom of the tray is horizontal. Use of a level may help to ensure that the tray is horizontal. Cut out a piece of parafilm that is smaller than the tray surface. Spray the inside of the tray with 70% ethanol and affix the parafilm to the tray to create a smooth surface. (iv) Prepare a 100 ml primary antibody solution (e.g., 1/100 mouse anti-Rhodopsin 4D2) for each sample. For example, dilute 1 ml of mouse anti-Rho antibody 4D2 in 99 ml of staining solution for immunocytochemistry. Store on ice. (v) Use a pair of tweezers and carefully transfer the cover glass from the 35-mm dish to the parafilm on the tray, cell-side up.
Leave the 35-mm dish with the M10 medium on ice for later use. m CRITICAL STEP Handle cover glasses with care as they are easily broken. (vi) Carefully extrude 100 ml of primary antibody solution onto the cover glass. Repeat Steps 10A(iv) and (v) for each sample (Fig. 3) . m CRITICAL STEP Make sure that the cover glass is totally covered with the antibody solution. The surface tension of the solution should prevent overflow if carefully applied. Table 1 ). Table 1 ). Table 1 ). (xvii) Cover the container with aluminum foil until flow cytometry. In flow cytometry analysis, use the control samples (nos.
1-4, see Table 1 ) to determine the desired ranges and parameters to collect the data. Sample no. 1 is used to determine the cells with appropriate cell size, cell complexity or cell granularity with forward and side scatter. Sample no. Step 9, transfection: 1 d
Step 10A, immunocytochemistry: B5 h
Step 10B, flow cytometry: B5 h
Step 10C, luciferase assay: B6 h ? TROUBLESHOOTING Troubleshooting advice can be found in Table 2 . 
ANTICIPATED RESULTS
Cell-surface expression assays Live-cell staining enables the visualization of ORs expressed on the cell surface of HEK293T cells. Under a fluorescent microscope, ORs on the cell surface appear as punctate signals (Fig. 4, upper left) . BFP expression should be verified where no cell-surface expression is observed to check transfection efficiency (Fig. 4, lower right) . Though cell-surface expression is necessary for the OR proteins to respond to their cognate ligands, it is important to note that apparent lack of cell-surface expression does not necessarily exclude OR functional activation in heterologous cells; it is feasible to proceed to OR functional assays with little or no cell-surface expression observed, as low levels of cellsurface expression below the detection threshold may still be able to support the activation of the G proteins and subsequent signal transduction cascade.
Cell-surface flow cytometry Live-cell flow cytometry enables the quantification of the levels of OR cell-surface expression. The intensity of the PE signal among the GFP-positive population is measured and plotted. Use sample no. 4 (no OR) as a negative control. Overlay the plots when comparing multiple conditions (Fig. 5) . Right-shifted plot indicates more cell-surface expression. Geometric mean values of each plot are also used to compare the levels of expression. Activation assay Firefly and Renilla luciferase measurements for each well are translated into numerical values of luminescence. For a typical experiment, Renilla measurements are usually in the same general range when used with the same OR. However, Renilla measurements could be significantly different when using different ORs, presumably due to compromised overall cell viability with certain ORs. Furthermore, it is recommended to determine the background luminescence level of the system by measuring an empty plate; subsequently, subtract the average luminescence value for an empty well from all raw data values. The firefly-Renilla luciferase ratio can be normalized against either control wells or the lowest/highest luciferase ratios obtained for that experiment. Normalized luciferase activity can be calculated by the formula ½Luc=RenillaðNÞ À Luc=RenillaðlowestÞ=½Luc=RenillaðhighestÞ À Luc=RenillaðlowestÞ where Luc/Renilla(N) ¼ luminescence of firefly luciferase divided by luminescence of Renilla luciferase of a certain well; Luc/ Renilla (lowest) ¼ lowest luminescence of firefly luciferase divided by luminescence of Renilla luciferase of a plate or a set of plates; and Luc/Renilla(highest) ¼ highest luminescence of firefly luciferase divided by luminescence of Renilla luciferase of a plate or a set of plates (Fig. 6) . It is conventional to have replica wells and calculate mean Luc/Renilla (N) and the standard error of mean. The mean Luc/Renilla (N) can then be graphed with its standard error of mean using graphing software such as Microsoft Excel or GraphPad Prism.
It should be noted that some odorants might induce luciferase reporter gene expression in an OR-independent manner. Therefore, control wells expressing different ORs or no OR should be included when using uncharacterized odorants, in addition to the no-odorant negative control. Furthermore, 1-100 mM Forskolin, an adenylyl cyclase activator, can be used as a positive control to observe cAMP-dependent luciferase reporter gene induction. The absence of odorant-mediated luciferase induction, however, does not necessarily exclude the functional activation of the OR by the odorant tested. It could result from the lack of cellsurface expression of the receptor or failure of the receptor to couple with stimulatory G proteins in this system. 
